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ABSTRACT
The ability of neutral and charged S-compounds to form different sorts of noncovalent bonds is
examined by ab initio calculations. Neutrals are represented by CH3SH and fluorosubstituted FSCH3;
cations are (CH3)3S+, CH3SH2+, and FHSCH3+. Each is paired with N-methylacetamide (NMA) whose
O atom serves as common electron donor. Charged species engage in much stronger noncovalent bonds
than do the neutral molecules, by as much as an order of magnitude. The strongest noncovalent bond for
any system is a O∙∙SF chalcogen bond wherein the O lies directly opposite a S-F covalent bond,
amounting to as much as 39 kcal/mol. Second in binding energy is the SH∙∙O H-bond which can be as
large as 34 kcal/mol. Somewhat weaker is the O∙∙SC chalcogen bond, followed by the CH∙∙O H-bond
and finally the O∙∙C tetrel bond, which has the appearance of a trifurcated H-bond. Any CH group
which participates in a CH∙∙O H-bond shifts its NMR signal downfield by an amount which is roughly
proportional to the strength of the H-bond. This situation is clearly distinguishable from that in a O∙∙S
chalcogen or SH∙∙O H-bond wherein the methyl protons are shifted upfield.
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INTRODUCTION
The notion of attractive forces existing between molecules is nearly as old as chemistry itself. In
order to differentiate them from the covalent bonds that bind together the atoms within a molecule, these
intermolecular forces are frequently referred to as noncovalent bonds. Of the various noncovalent
bonds, the H-bond (HB) is arguably the most important and prevalent. It is traditionally formulated as
the positioning of two molecules such that the H atom of one molecule, A-H, acts as a bridge to an atom
D of another molecule. Although its earliest conception considered only highly electronegative atoms
like O, F, and N as donor and acceptors 1-3, this picture has broadened considerably over recent years 417
. For example, despite some early resistance to the idea, the S atom is now recognized as a legitimate
proton donor atom 18-23. Also among those atoms which are now known to serve as proton donor is C,
despite its nominally low electronegativity 24-34. Carbon can overcome this limitation in several ways,
one of which is to adopt a sp-hybridization which increases the polarity of the C-H bond. The
attachment of an electron-withdrawing group to C can also enhance the partial positive charge on the
CH proton.
In addition to H, other atoms can also serve a similar function as bridge between two molecules.
Even a strongly electronegative halogen atom can interact attractively with an electron donor 35-47. This
attraction is facilitated by an anisotropic distribution of charge around the halogen (X) atom within a RX bond. Although the partial charge on the X atom is typically negative overall, detailed examination of
the potential around this atom reveals a small region of positive charge density, usually directly opposite
the R-X bond. It is this region that can be attracted to an electronegative atom on the partner molecule
in what has come to be called a halogen bond. The Coulombic attraction is supplemented by a strong
dose of charge transfer from the electron donor to the σ*(R-X) antibonding orbital, precisely analogous
to the HB transfer into the σ*(R-H) orbital which manifests as the stretching of the RH bond, and the red
shift of its stretching frequency. Work over the years has shown that this bonding mechanism is not
limited to the halogen family but extends as well to other atoms, some less electronegative than others
48
. Depending upon the column of the periodic table to which the bridging atom belongs, these
noncovalent bonds have been denoted as chalcogen (6A) 49-55, pnicogen (5A) 17, 56-58\59-62, and tetrel (4A)
63-70
bonds.
A rapidly escalating body of work has probed the underlying nature of these various bonds,
uncovering differences as well as similarities. One general conclusion arising from these studies is that
the halogen, chalcogen, pnicogen, and tetrel bonds all have the capability to be rather strong,
competitive with the more traditional HBs. All are affected by such factors as the identity of the
bridging atom, as well as its substituents, the geometrical arrangement of the electron donor and
acceptor units, and any charge on one species or the other. It has thus not been possible to make any
overgeneralized statements about relative stability like, for example, any H-bond is stronger than a
halogen bond, or even that a OH∙∙O HB is necessarily stronger than CH∙∙O HB.
The occurrence of CH∙∙O H-bonds in biological structure and function is becoming increasingly well
recognized 71-76. A family of lysine methyltransferases provides just one important example. A cofactor
of this enzyme is S-adenosyl-L-methionine (AdoMet) 77-80 which contains a cationic trivalent S atom,
flanked on two sides by alkyl groups and on the third by a methyl, as illustrated in Scheme 1. Aided by
the positive charge, it is thought that CH∙∙O HBs formed by methyl or CH2 groups neighboring the S
atom are essential interactions in the catalytic activity of these enzymes. It is important to remember,
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however, that a single, nearly linear CH∙∙O HB of a methyl group can be difficult to distinguish from a
tetrel bond, wherein the electron donor approaches the methyl group along a direction opposite the S-C
bond, which would have the appearance of a trifurcated HB. Yet for all its similarity, a tetrel bond has
some important differences with a CH∙∙O HB, whether single or trifurcated. From a functional
standpoint, such a tetrel interaction may represent a precursor of sorts to the SN2 methyl transfer reaction
in this family of enzymes.
It is not only the methyl group of AdoMet which can function as an electron acceptor, but the S atom
as well, in what has come to be called a chalcogen bond. The H atom of a S-methyl group may lie fairly
close to the S atom itself. The positioning of the electron donor group may thus be such as to make it
hard to tell whether one is looking at a CH∙∙O HB or a S∙∙O chalcogen bond, or some combination of
these two. The possibility of a chalcogen bond raises another possibility. When one of the substituents
on the S atom, let us call it X, is electronegative, a O∙∙S-X chalcogen bond, where the O donor
approaches opposite the S-X covalent bond, is likely to differ from an approach opposite a S-C bond.
And indeed, the S of AdoMet is flanked not only by a simple methyl, but by two alkyl groups of
differing electronegativity. Added to this set of possibilities, a SH group has the potential to serve as a
proton donor in a SH∙∙O HB. An additional layer of complexity is associated with the charge on the Sspecies: a cationic electron acceptor is likely to be considerably more potent than a neutral species,
probably strengthening all of the interactions above.
One is thus left with a dilemma in analyzing the quantitative contributions of various bonds to the
stability of a particular structure, and even more so in predicting the optimal arrangement of a cofactor
like AdoMet within the confines of a protein. Quantum calculations can be of immense helpfulness in
disentangling some of these issues. The complications arising from the geometric restraints of a large
macromolecule can be avoided by considering a pair of separate molecules, able to move freely in space.
Each sort of noncovalent bond can be treated individually, evaluating not only the binding energetics but
also the fundamental factors that contribute to each sort of bond. One can also determine the geometric
aspects of an optimal arrangement for each bond. As an aid in deciphering the bonding patterns in
experimental structures of macromolecules, the spectroscopic signature of each sort of bond can be
elucidated.
This work addresses the intermolecular interactions of alklylated sulfur-containing compounds, both
cationic and neutral. The trialkylated (CH3)3S+ serves as a prototype of the AdoMet sulfone cofactor
mentioned above, wherein S is bound to three alkyl groups. As such, it is capable of forming not only
CH∙∙O HBs, but also an O∙∙S chalcogen bond. Since the geometry of (CH3)3S+ makes it difficult to
study these two sorts of interactions in complete isolation from one another (see below), two of the
methyl groups were replaced by H which alleviates this problem, while also permitting examination of a
possible SH∙∙O HB as an alternative. Replacing one of the H atoms of CH3SH2+ by F allows
examination of the effects on all of these bonds of increased electron withdrawing power of one of the
S-substituents. The effect of charge was pursued by consideration of the neutral analogues CH3SH and
FSCH3. So as to ensure consistency, a common electron donor was chosen: N-methylacetamide (NMA)
due to its similarity to a protein peptide group.
COMPUTATIONAL DETAILS
Ab initio calculations were carried out with the Gaussian-09 81 suite of programs. Geometries were
optimized and binding energies evaluated using the aug-cc-pVDZ basis set in conjunction with MP2
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means of incorporating electron correlation. Binding energies were defined as the difference between the
energy of the complex and the sum of the monomers, in their optimized geometries, and were corrected
for basis set superposition error via the counterpoise 82 procedure. The presence of noncovalent bonds
was elucidated in two complementary manners. Quantitative assessments of charge transfer between
individual orbitals were made via the natural bond orbital (NBO) method 83-84, as implemented in the
Gaussian-09 software. Atoms in Molecules (AIM) procedures 85-86 led to the elucidation of bonding
paths between atoms, and the electron density at bond critical points, as an alternate approximation of
bond strength.
Two neutral molecules were considered as electron acceptor, SHCH3 and SFCH3. Three cationic
species were examined: S(CH3)3+, SH2CH3+, and SHFCH3+. N-methylacetamide (NMA) was used as
the common electron donor, specifically its O atom. Each electron acceptor was placed initially in a
position where it might form one of several types of attractive interaction with the O atom of NMA, and
the entire geometry optimized. Categories of noncovalent bond considered were H-bonds, of either
CH∙∙O or SH∙∙O type, and chalcogen bonds between S and the O of NMA. Finally a tetrel bond was
evaluated, wherein the NMA O atom approaches the C of a methyl group directly along its local C3 axis,
in what might be described, at least geometrically, as a trifurcated set of three CH∙∙O H-bonds. Not all
types of noncovalent bonds resulted in a true minimum in which case certain geometric restrictions were
imposed, as described in detail below.
RESULTS
S(CH3)3+
In the case of S(CH3)3+ the fully optimized O∙∙S chalcogen bond geometry with NMA contains a
R(O∙∙S) distance of 2.849 Å. The binding energy of this structure is 19.81 kcal/mol, as indicated by the
first entry in Table 1. Fig 1a shows that the methyl group lying opposite the O atom makes a θ(O∙∙SC)
angle of 174.4°, maximizing the overlap between the O lone pairs and the σ*(SC) antibonding orbital.
However, the attraction cannot be attributed purely to the chalcogen bond as two of the CH hydrogen
atoms lie only 2.23 Å from the O, permitting the formation of CH∙∙O HBs. These HBs are confirmed by
NBO analysis of this structure. As reported in the first column of Table 2, the NBO value of the
perturbation energy E(2) corresponding to the Olp→σ*(SC) is 2.16 kcal/mol, whereas each CH∙∙O HB
contains a contribution of 2.45 kcal/mol.
There are several ways in which the methyl groups of S(CH3)3+ can engage in a HB with NMA. The
most stable such structure is a trifurcated geometry wherein one H from each methyl group comes
within 2.2 Å of the NMA O atom. This trifurcated structure in Fig 1b is bound by 20.55 kcal/mol, the
global minimum on this potential energy surface. NBO analysis reveals a combined 14.67 kcal/mol
E(2) from the charge transfer in these three HBs. However, these three HBs are rather bent, with CH∙∙O
angles deviating from linearity by more than 30°. How might this trifurcated structure compare with
one containing a single linear HB? Calculations revealed that a structure of the latter sort does not
represent a minimum on the surface of this heterodimer. In order to make this comparison, it was
necessary to enforce CH∙∙O linearity during the optimization. The resulting geometry is illustrated in
Fig 1c to have a R(O∙∙H) distance of 1.909 Å, and is some 4 kcal/mol less stable than the trifurcated
global minimum. NBO analysis of this configuration leads to a charge transfer energy of 12.56
kcal/mol, with a small addition arising from the H atom of a second methyl group.
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One might envision another H-bonded structure, wherein three different H atoms approach the NMA
O, but unlike geometry 1b, all three H atoms are part of the same methyl group. Indeed, such a structure
was found to represent a true minimum on the potential energy surface, and is illustrated in Fig 1d.
However, NBO analysis suggested this dimer is not held together by HBs, but rather by a tetrel bond
wherein the O lone pairs transfer charge into the σ*(CS) antibonding orbital. This transfer, amounting
to 2.59 kcal/mol, is aided by the close approach of the O and C atoms, 2.694 Å, and the near linearity of
the O∙∙CS triad. However, this tetrel bond represents the weakest of the interactions of the
NMA/S(CH3)3+ pair, bound by only 13.72 kcal/mol. It may be noted finally that the results summarized
in Fig 1 are consistent with a recent set of calculations 87, quantitatively as well as qualitatively, at a
different level of theory.
SH2CH3+
The removal of two of the methyl groups, replacing them by H atoms, permits the elucidation of a
O∙∙S-C chalcogen bond free of the CH∙∙O HBs of Fig 1a. The SH2CH3+ cation, however, contains a
powerful proton donor SH group that rotates this cation around so that one SH bond is facing the O atom
of NMA. Indeed, the cationic SH is a strong enough proton donor that the bridging proton transfers
across to the NMA, leaving a OH+∙∙∙S HB. In order to prevent this transfer, the r(SH) bond length was
held to 1.36 Å, the same length as in the optimized SH2CH3+ monomer. The resulting SH∙∙O H-bonding
complex is bound by 29.24 kcal/mol, as indicated in Fig 2a. HBs tend to have particularly large charge
transfer energies, and this geometry is no exception, with E(2) greater than 70 kcal/mol.
The O∙∙SC chalcogen bonded structure is also quite stable, bound by 21.95 kcal/mol. Again due to
the tendency of the SH2CH3+ cation to rotate so as to present its SH2 group to the NMA, this structure
was optimized with the restraint that θ(O∙∙SC)=180°. The geometry in Fig 2b is bound by 21.95
kcal/mol, largely due to the charge transfer from the O lone pairs into the σ*(SC) antibonding orbital,
amounting to 5.66 kcal/mol. The SH protons are within striking distance of the NMA O atom, both
around 2.6 Å, but the θ(SH∙∙O) angles are so far from linearity that there is no significant charge transfer
into the σ*(SH) orbitals, so any SH∙∙O HB is extremely weak, and the full interaction can be ascribed to
the O∙∙SC chalcogen bond.
The methyl end of the SH2CH3+ cation can also engage in an attractive interaction with the NMA. A
structure of this sort is illustrated in Fig 2c, which was optimized with no geometrical restraints. As in
the case of S(CH3)3+ this complex is bound by a tetrel bond, with E(2) for Olp→σ*CS transfer equal to
3.72 kcal/mol. (There is no significant Olp→σ*CH transfer.) A single CH∙∙O H-bonding arrangement
does not correspond to a minimum on the potential energy surface, but was generated by restraining a
θ(CH∙∙O) angle to 180°. The optimized structure, bound by 18.33 kcal/mol, is illustrated in Fig 2d. It
contains a linear CH∙∙O HB with R(O∙∙H)=1.857 Å, with a large charge transfer energy E(2) of 14.45
kcal/mol. Note that this single linear CH∙∙O HB is somewhat more stable than the tetrel bonded
structure 2c. But both are exceeded by the O∙∙SC chalcogen bond.
SHCH3
Both S(CH3)3+ and SH2CH3+ are positively charged, and thus have amplified interactions. The
removal of a proton from the latter to form SHCH3 ought to yield weaker binding with NMA. Even so,
this neutral molecule can still engage in a fairly strong SH∙∙O HB, with a binding energy of 4.12
kcal/mol, as displayed in Fig 3a. There are no CH∙∙S bonds present in this structure, as evident by no
significant charge transfers, and with long H∙∙S distances of 3.23 Å. Another minimum corresponds to a
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tetrel bond 3b. The Olp→σ*CS charge transfer is less than 1 kcal/mol, but sufficient to provide a
binding energy of 1.90 kcal/mol. A single CH∙∙O H-bonded configuration is only secured after
restricting the θ(CH∙∙O) angle to 180°, and is slightly less stable, bound by 1.67 kcal/mol. (Structure 3c
requires a second restriction, that an internal φ(HSCH) dihedral angle be held at 0°, to prevent the
formation of a CH∙∙S HB.) The standard Olp→σ*CH charge transfer of 2.85 kcal/mol is supplemented
by 1.39 kcal/mol derived from transfer from the CO π bonding orbital. The chalcogen bond in this
dimer is quite weak, with structure 3d bound by only 1.14 kcal/mol. Moreover, this geometry is not a
true minimum, and is obtained only when θ(O∙∙SC) is held at 180°. E(2) for the Olp→σ*SC charge
transfer is less than 1 kcal/mol. Removal of the charge from the S-containing unit thus weakens all
interactions, but especially the chalcogen bond.
FHSCH3+
In addition to adding a positive charge to the entire unit, the electron-accepting ability of a given
molecule can also be enhanced by substitution of a H atom by the strongly electron-withdrawing F. The
combined effect of these two modifications were studied by consideration of FHSCH3+. When
combined with NMA, the most stable configuration of the resulting dimer contains the O∙∙SF chalcogen
bond, pictured in Fig 4a. This complex is bound by a full 39 kcal/mol, and owes its stability in large
measure to the Olp→σ*SF charge transfer of 96.6 kcal/mol. Another sort of chalcogen bond places the
methyl group opposite the NMA O atom. However, this structure 4b is not a true minimum, and can
only be obtained by fixing θ(O∙∙SC)=180°. Nonetheless, it is bound rather strongly, by 23.43 kcal/mol.
The standard Olp→σ*SC charge transfer of 5.87 kcal/mol is supplemented by an additional 1.71
kcal/mol resulting from transfer into the σ*SF antibonding orbital. As in the earlier case of a cation, a
full optimization will result in the transfer of a proton from S to the NMA molecule. The SH∙∙O Hbonding structure 4c was thus obtained by again freezing r(SH) at 1.36 Å to prevent this transfer. The
SH∙∙O HB is quite strong, with a huge E(2) of nearly 100 kcal/mol, but is nonetheless overshadowed by
the O∙∙SF chalcogen bond in 4a. A CH∙∙O HB is also feasible, but requires the restriction of a θ(CH∙∙O)
angle of 180° to obtain such a structure. Configuration 4d reflects a binding energy of 21.17 kcal/mol,
nearly as strong as the O∙∙SC chalcogen bond of 4b. Direct approach of the NMA O atom toward the C
atom leads to the tetrel-bonded structure 4e. This geometry is slightly less stable than the CH∙∙O HB
configuration of 4d. Like 4d, 4e also requires a geometrical restriction, in this case θ(O∙∙CS)=180°.
SFCH3
As before, the positive charge of the fluorosubstituted FHSCH3+ was removed by virtue of the
neutral FSCH3 molecule. As in the case of the cation, the most stable minimum again contains a O∙∙SF
chalcogen bond. Structure 5a is bound by 6.40 kcal/mol and the Olp→σ*SF charge transfer amounts to
3.55 kcal/mol. There is a small supplement from a weak CH∙∙O HB: although r(H∙∙O) is only 2.34 Å,
θ(CH∙∙O) is 64° removed from linearity. The other chalcogen bond, O∙∙SC, also represents a minimum
on the surface, but, is considerably weaker with a binding energy of 2.71 kcal/mol. In addition to the
expected Olp→σ*SC charge transfer, there are also contributions from a CH∙∙S HB Slp→σ*(CH) and
Flp→π*(CO) back transfer. The CH∙∙O configuration 5c is bound by 3.29, making this HB stronger than
the O∙∙SC chalcogen bond. Somewhat weaker is the tetrel bond 5d, amounting to 2.50 kcal/mol.
AIM analysis
In addition to assessing the charge transfer between individual orbitals of the interaction molecules
as a means of determining the presence of noncovalent bonds, analysis of the electron density via the
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AIM procedure is another means of identifying such bonds. The intermolecular bond critical points
(BCPs) were located and their densities, and density Laplacians, are reported in Tables 3 and 4,
respectively. Comparison with the charge transfers in Table 2 confirm many of the NBO conclusions.
Taking the first entries in the Tables as an example, both NBO and AIM suggest that the O∙∙S chalcogen
bond between the NMA O atom and the S of S(CH3)3+ is supplemented by a pair of CH∙∙O HBs, of
perhaps comparable strength. The linear CH∙∙O structure of this same pair also combines a much
weaker CH∙∙O from a second methyl group. NBO and AIM agree that the strongest interactions are
associated with the cationic electron acceptors, particularly for the O∙∙SF alignment. Both methods also
seem to exaggerate the strengths of HBs when compared with other noncovalent bonds, in that E(2),
ρBCP, and 2ρBCP are all larger than would be expected on the basis of the binding energies, although
E(2) is perhaps guiltier in this regard.
There are also some significant differences between the NBO and AIM results. For example, AIM
suggests a bond, albeit a weak one, between a pair of methyl H atoms in the CH∙∙O configuration of
CH3SH, 3c, whereas NBO contains no such indication. The two means of analysis differ appreciably in
the context of the O∙∙SC configuration of FSCH3, 5b. In the first place, the NBO picture takes the origin
of the charge into the σ*SC antibond as the πCO bond of NMA, rather than the usual O lone pairs. This
interaction is supplemented by a CH∙∙S HB and transfer from F lone pairs into the π*CO antibonding
orbital. The CH∙∙S HB is confirmed by AIM, and the latter transfer emerges as a F∙∙C bond. But AIM
also adds a CH∙∙F HB to the mix, a bond which is not indicated by NBO.
Coulombic Interactions
The molecular electrostatic potential (MEP) around a given molecule is typically a key factor in its
interactions with another monomer. The MEPs of the systems under consideration are presented in Fig
6. In the case of the cations, this potential is positive everywhere, so the diagrams vary from most to
least positive regions; the two neutral systems illustrate both positive and negative areas. Since the
binding involves interaction with the negative region surrounding the O atom of NMA, the MEPs ought
to guide the O toward the most positive, i.e. bluest, areas of the electron acceptor molecules. This model
is at least partially successful. First considering S(CH3)3+, there are strongly blue areas in the “seams”
between the H atoms, which can account for the global minimum with its trifurcated CH∙∙O HB, as well
as the O∙∙SC structure. On the other hand, the region that would lead to the tetrel bond is considerably
less positive. Nor is there a blue region that would correspond to a tetrel bond for H2SCH3+, and the
same is true of the extension of the C-S bond that would be associated with a O∙∙SC chalcogen bond.
The MEP is perhaps more useful for FHSCH3+, where the most positive regions correspond to the SH∙∙O
and O∙∙SF configurations, the two most strongly bound complexes. The potential surrounding HSCH3
would suggest both SH∙∙O and CH∙∙O HBs. Whereas the former is correct, it is in fact the tetrel bond
that is stronger than CH∙∙O; the chalcogen bond is not a minimum on this surface. Lastly, on the basis of
its MEP, FSCH3 might be expected to have both a O∙∙SF and CH∙∙O minimum. The former is a correct
prediction, but neither a HB nor a tetrel bond represent minima. The O∙∙SC chalcogen-bonded true
minimum would probably not be guessed from simple examination of the MEP of FSCH3. In summary,
study of the MEP is useful here, but cannot be relied on to provide accurate predictions in all cases.
Perturbations of Monomers
The formation of noncovalent bonds usually induces changes into the internal geometries of the
participating monomers, which can be helpful in understanding the fundamental aspects of the
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interaction. The perturbations of the key bonds in each interaction are displayed in Table 5 where the
bond of interest is indicated by the double arrow. Clearly, the largest changes are undergone by the
strong S-F bond in the O∙∙∙SF chalcogen bonds. These large bond elongations are largely a result of the
strong charge transfer into the σ*(SF) antibonding orbital. A similar, albeit smaller, charge is
transferred into the σ*(SC) bonds in the O∙∙SC configurations in the first column of Table 3, so the bond
elongations are smaller. Note that there is no true minimum associated with the O∙∙SC configuration of
CH3SH2+, which may have something to do with the failure of the S-C bond to elongate, and in fact to
contract. This contraction may also be associated with a 1.8% increase in the s-character, and associated
decrease in p-character, in the hybridization of the C atom within the C-S bonding orbital, via Bent’s
rule 88. Transfer into the σ*(CS) antibond leads to an elongation of the corresponding covalent bond in
the tetrel interactions, with the exception of the weak intermolecular interaction of FSCH3. The CH
bonds elongate when engaging in a CH∙∙O HB, particularly in the very strong bond with FHSCH3+.
There is a general correlation between E(2) and ∆r for these bonds.
NMR has proven to be an extremely useful tool in deciphering the structure of numerous molecular
complexes over the years. In particular, H-bonding protons typically undergo a notable downfield shift
of their chemical shift in comparison to the uncomplexed molecule. In order to facilitate NMR analysis
of the various complexes examined here, the isotropic chemical shifts have been computed and related
to the uncomplexed monomer. The changes induced by complexation are compiled in Table 6 for the
methyl protons. Since the methyl rotations are generally too fast to pull out the signals of individual
protons, the average change of the three methyl protons are reported in the table. In those cases where
the H atom participates in a HB, its change is reported separately, in addition to the average of all three.
In those cases where a CH group of methyl engages directly in a CH∙∙O HB, its signal clearly shifts
downfield. This amount varies from a minimum of 1.1 ppm for the weak HB formed by neutral CH3SH
to as much as 5.2 ppm in the stronger proton donor FHSCH3+. Indeed, the amount of the shift is roughly
proportional to the binding energy reported in Table 1. The large downfield shift of this proton
overwhelms the upfield shift of the other two protons on the pertinent methyl group, leaving the average
of the three as a small negative quantity. The latter is slightly more negative than the downfield shift of
the three protons when the methyl group is engaged in a tetrel bond with the NMA O atom, which is
sometimes (incorrectly) described as a trifurcated HB. Consequently, if the time scale of the methyl
rotation permits the identification of the H-bonding proton from the other two methyl hydrogens, it
would be straightforward to distinguish a CH∙∙O configuration from a tetrel bond, but much more
difficult to do so if the methyl rotation is fast.
Both of these situations are easily differentiated from the other types of bonding situations. In the
case of O∙∙SC chalcogen bonds, which do not involve the methyl group directly, the protons of the latter
undergo a small upfield shift, less than 0.6 ppm. The shift is smaller for the O∙∙SF configurations only
because one methyl H atom participates in a weak CH∙∙O HB, and is thus shifted downfield by a small
amount. Participation of a charged species in a SH∙∙O HB yields a small upfield shift of the methyl
protons, difficult to distinguish from a like shift occurring for a O∙∙SC chalcogen bond; no methyl shift
occurs for a neutral molecule.
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SUMMARY AND DISCUSSION
There are a number of ways in which a methyl-substituted S-compound can interact with an electron
donor. In the first place, the methyl groups can participate in CH∙∙O HBs which are more or less linear
arrangements. The electron donor O atom can also approach the C atom of the methyl group directly,
along a line between the three H atoms, in what has come to be called a tetrel bond. A chalcogen bond
is formed as a result of interaction with the S atom, usually along a line directly opposite one of the S-C
or S-X covalent bonds. A last alternative is the formation of a SH∙∙O HB.
Calculations suggest that the strengths of these interactions are generally competitive with one
another. But there are perhaps useful overarching rules that can be elucidated. In the first place, a
cation engages in much stronger noncovalent bonds than do the neutrals. This result is sensible, and
comports with prior results 50, 89-90. More specifically, the binding energies for the neutrals cover the
range between 1 and 6 kcal/mol, whereas the positively charged acceptors bind with strengths varying
between 14 and 39 kcal/mol. The strongest noncovalent bond for any system is a O∙∙SF chalcogen bond
wherein the O lies directly opposite a S-F covalent bond if one is present. Second in binding energy is
the SH∙∙O HB. The other three interactions are somewhat weaker, and competitive with one another. In
the context of the charged systems, these noncovalent bonds obey the pattern O∙∙SC > CH∙∙O > O∙∙C,
where the latter refers to the tetrel bond. Pursuant to the (CH3)3S+ results, a O∙∙SC chalcogen bonding
arrangement is competitive with a trifurcated H-bond, involving three different alkyl groups. When the
molecule does not bear a positive charge, chalcogen, CH∙∙O and O∙∙C tetrel bonds are close in energy:
The tetrel bond is strongest of the three for CH3SH while the CH∙∙O HB has the largest binding energy
for FSCH3.
In a strict sense, not all of these interactions represent true minima on the potential energy surface.
Some of them were obtained only after a suitable geometric restraint was placed on the system. The
CH∙∙O H-bonding structure is a case in point where a linear configuration was imposed. The O∙∙SC
structure was another bond which was acquired only after a linear arrangement was imposed, at least for
certain dimers. Because the O atom of NMA is a stronger base than is the S of cationic species, a full
optimization of the SH∙∙O dimer leads to the transfer of the proton from S to O. This transfer was
avoided by freezing the r(SH) distance during optimizations of the SH∙∙O configurations. Even if not a
true minimum, the evaluation of the binding energy and its contributing factors represents an important
issue when these groups are placed within the context of larger systems such as proteins, where full
optimization would be precluded by geometrical restraints imposed by the macromolecular system.
NBO and AIM analysis of the various geometries facilitates an elucidation of the fundamental
properties of each interaction. Both methods agree, for example, that in the tetrel-bonding geometries,
the interaction arises exclusively between the O and C atoms, with no evidence of any CH∙∙O HBs even
though there are three methyl H atoms in proximity to the approaching oxygen. In some cases, the
primary noncovalent bond is supplemented by secondary, albeit weaker, interactions. The O∙∙∙SC
chalcogen bonding structure of (CH3 3S+, for example, also contains elements of a pair of weaker CH∙∙O
HBs. This same O∙∙∙SC geometry of neutral FSCH3 is aided not only by a CH∙∙S HB but also by an
attractive F∙∙C interaction.
While NBO and AIM are in general agreement as to these augmenting interactions, there are a
number of cases of disagreement as well. The CH∙∙O H-bonding structure of CH3SH is a case in point,
where AIM analysis suggests a CH∙∙HC bond between a pair of H atoms, whereas no such interaction
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arises in the NBO treatment, which provides instead for a OC→σ*CH transfer. Disagreements such as
these are not uncommon in the literature 91-98 as the two methods are quite different in terms of
formulation. In quantitative terms, the NBO charge transfer parameter E(2) and the AIM bond critical
point properties are roughly proportional to the binding energy. On the other hand, both procedures
seem to provide systematically larger indicators of the strengths of HBs in comparison to chalcogen and
tetrel bonds of equal energy.
One is now in a position to address the question as to preferred site of binding, and cost of disrupting
a particular interaction. It should first be stressed that a methyl group can interact via either a CH∙∙O HB
or a C∙∙O tetrel bond. Since these interactions have comparable binding energies, it is apparent that a
methyl group presents a broad area for binding. Distortion of a direct O∙∙C approach toward one of the
H atoms does not represent a substantial loss of binding energy. So ensuing discussion will bring both
of these interactions under the umbrella of what might be termed a “methyl” interaction. Chalcogen and
SH∙∙O HBs on the other hand, will be more sensitive to angular distortion, so should be considered in
this light.
In the case of a neutral molecule, binding energies are rather small, in the 2-4 kcal/mol range. The
only binding that exceeds even 2 kcal/mol is a SH∙∙O HB, more than double that involving either methyl
or chalcogen bonds. Substitution of a strongly electron withdrawing substituent on the S atom, e.g. F,
will enhance all of the interactions, bringing them up to the 3-6 kcal/mol range; the strongest of these is
a O∙∙SF chalcogen bond. There will be little to distinguish a O∙∙SC chalcogen from a methyl interaction.
The situation changes when positive charge is added to the electron acceptor, and all bonds are
magnified in strength up to the 16-29 kcal/mol range. A SH∙∙O HB is the strongest noncovalent bond,
but a chalcogen bond is favored over an interaction with a methyl group. In the case of a trialkylated
sulfonium such as (CH3)3S+, where there is no SH group or possible SH∙∙O, the chalcogen bond is quite
strong, preferred over a methyl interaction by several kcal/mol. On the other hand, if geometrical
restrictions permit the oncoming electron donor to interact with several alkyl groups simultaneously, the
presence of multiple CH∙∙O HBs can effectively compete with the chalcogen bond. Addition of an
electronegative substituent like F leads to the strongest bond of any in this study, viz. a O∙∙SF chalcogen
bond, which approaches 40 kcal/mol. Even the weaker O∙∙SC chalcogen bond accounts for as much as
23 kcal/mol, and is preferred over interaction with the methyl group by some 2-6 kcal/mol.
It should be stressed that certain arrangements of the pair of species can be characterized as
stabilized by more than one sort of bond. As an example, chalcogen-bonded O∙∙SC arrangement 1a of
(CH3)3S+ contains CH∙∙O HB elements as well. Such multiple interactions would be even more common
in a biological context where forces external to the molecular pair of interest might restrain them from
assuming a structure consistent with a pure chalcogen, or H-bond. The bonding in such situations would
then be best described by several bonds, each of which is strained and thereby weakened. In the context
of the methyl transferase family of enzymes, there would be a major functional difference between a
tetrel bond and a CH∙∙O HB, since the former may serve as a precursor to the SN2 methyl transfer
reaction 77-80.
NMR has potential as a diagnostic tool by which to distinguish one sort of bonding from another.
Any CH group which participates in a CH∙∙O HB shifts downfield by an amount which is roughly
proportional to the strength of the HB. This shift can be as large as 5 ppm, and would mark its presence
even if the methyl rotation were too rapid to distinguish the three proton signals from one another. The
10

shift of the CH∙∙O bridging proton far exceeds the much smaller downfield shift, less than 1 ppm, of the
methyl protons when engaged in a trifurcated structure, i.e. a tetrel bond. In contrast, formation of a
O∙∙S chalcogen or SH∙∙O HB would tend to shift the protons of the non-participating methyl group
upfield, clearly distinguishable from the former CH∙∙O or O∙∙C geometries.\
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Table 1. Computed binding energies (kcal/mol) for complexes between NMA and indicated
electron acceptors, including counterpoise correction
O∙∙SC
O∙∙SF
SH∙∙O
CH∙∙O
O∙∙C tetrel
+
a
b
c
(CH3)3S
19.81
16.30 20.55
13.72
+
d
e
b
CH3SH2
21.95
29.24
18.33
16.03
d,f
b
CH3SH
1.14
4.12
1.67
1.90
b
+
d
g
39.03
21.17
FHSCH3
23.43
34.09
17.31h
FSCH3
2.71
6.40
3.29b
2.50h
a
b
may also contain CH∙∙O
linear CH∙∙O
c
d
trifurcated: 3 different CH3 groups
fix O∙∙S-C=180°
e
f
fix r(SH)=1.36 Å
hold SH at fixed dihedral angle
g
h
fix r(SH)=1.364 Å
fix O∙∙C-S = 179.8°

Table 2. NBO values of E(2) (kcal/mol) computed at the M06-2X/aug-cc-pVDZ level, with secondary
interactions in parentheses
O∙∙SC
O∙∙SF
SH∙∙O
CH∙∙O
O∙∙C tetrel
+
b
(CH3)3S
2.16
12.56
2.59
a
c
(2x2.45)
(1.21)
(0.46)d
CH3SH2+ 5.66
73.36
14.45
3.72
e
(3.28)
CH3SH
0.89
9.33
2.85
0.73
f
(1.39)
+
FHSCH3
5.87
62.97
96.63
22.37
3.92
g
h
e
i
(1.71)
(3.77)
(3.98)
(2.75)
j
FSCH3
0.80
3.55
5.99
0.73
k
l
(1.79)
(2.44)
a
b
Olp→σ*CH + π(CO)→ σ*CH
single linear CH∙∙O arrangement
c
d
Olp→σ*CH to second CH
Olp→σ*CH
e
f
g
OC→σ*SH
OC→σ*CH
Olp→ σ*SF
h
i
j
Olp→ σ*SH Slp → σ*CH
π(CO) → σ*SC
k
Slp → σ*(CH) and Flp → π*(CO)
l
Olp→ σ*SF + Olp → σ*CH + Slp → σ*CH
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Table 3. Electron density ρ (au) at AIM bond critical points.
O∙∙SC
O∙∙SF
SH∙∙O
CH∙∙O
+
(CH3)3S
0.0137
0.0249
a
2(0.0151)
0.0066a
CH3SH2+ 0.0235
0.0697
0.0273
CH3SH
0.0067
0.0192
0.0143
b
a
0.0053
2(0.0047)
0.0043c
FHSCH3+ 0.0286
0.0729 0.0891
0.0347
FSCH3
0.0094
0.0161 0.0168
d
a
0.0074
0.0115
e
0.0035
0.0066e
0.0043f
a
b
c
CH∙∙O
SH∙∙C
CH∙∙∙HC
d
e
f
F∙∙C
CH∙∙S
CH∙∙F

O∙∙C tetrel
0.0140
0.0137
0.0062
0.0145
0.0068

Table 4. Laplacian of electron density 2ρ (au) at AIM bond critical points
O∙∙SC
O∙∙SF
SH∙∙O
CH∙∙O
O∙∙C tetrel
+
(CH3)3S
0.0548
0.1041
0.0639
a
a
2x(0.0575)
0.0251
+
CH3SH2
0.0972
0.1845
0.1188
0.0753
CH3SH
0.0248
0.0651
0.0452
0.0290
a
b
c
2x(0.0173)
0.0240
0.0161
+
FHSCH3 0.0165
0.1332
0.1477
0.1507
0.0785
FSCH3
0.0342
0.0527
0.0469
0.0359
d
a
0.0409
0.0423
e
0.0142
0.0196e
0.0239f
a
b
c
CH∙∙O
SH∙∙C
CH∙∙∙HC
d
e
f
F∙∙C
CH∙∙S
CH∙∙F
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Table 5. Change in covalent bond lengtha (mÅ) caused by complexation with NMA
O∙∙∙SC
O∙∙∙SF
CH∙∙∙O
O∙∙∙CS tetrel
+
(CH3)3S
2.1
4.1
1.4
+
CH3SH2
-9.8
4.8
7.9
CH3SH
0.6
-0.5
2.0
+
FHSCH3
0.6
72.8
17.5
2.0
FSCH3
2.1
20.4
2.4
-1.7
a
particular bond indicated by 

Table 6. Changes in average NMR chemical shift of three methyl protons (ppm) computed at the M062X/aug-cc-pVDZ level
O∙∙SC
O∙∙SF
SH∙∙O
CH∙∙Oa
O∙∙C tetrel
+
b
(CH3)3S
0.34
-1.16 / -3.74
-0.83
c
-0.39 / -2.04
+
CH3SH2
0.58
0.33
-1.14 / -4.24
-0.80
CH3SH
0.13
-0.03
-0.52 / -1.10
-0.40
+
d
FHSCH3
0.57
0.08 (-0.47)
0.47
-1.52 / -5.20
-0.77
e
FSCH3
0.15
-0.03 (-0.90) -0.73 / -2.51
-0.43
a
average followed by individual H-bonding proton
b
CH3 group opposite O atom of NMA
c
trifurcated HB structure 1b
d
R(H∙∙O)=2.33 Å
3
R(H∙∙O)=2.40 Å
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Scheme 1. Diagram of possible H-bonds or chalcogen bonds formed by AdoMet with neighboring
groups.
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Fig 1. Optimized geometries of complexes of NMA with (CH3)3S+. Counterpoise-corrected binding
energies (kcal/mol) in blue, distances in Å, angles in degs.
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Fig 2. Optimized geometries of complexes of NMA with CH3SH2+. Counterpoise-corrected binding
energies (kcal/mol) in blue, distances in Å, angles in degs.
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Fig 3. Optimized geometries of complexes of NMA with CH3SH. Counterpoise-corrected binding
energies (kcal/mol) in blue, distances in Å, angles in degs.
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Fig 4. Optimized geometries of complexes of NMA with FHSCH3+. Counterpoise-corrected binding
energies (kcal/mol) in blue, distances in Å, angles in degs.
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Fig 5. Optimized geometries of complexes of NMA with FSCH3. Counterpoise-corrected binding
energies (kcal/mol) in blue, distances in Å, angles in degs.
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Fig 6. Molecular electrostatic potentials on surface corresponding to 1.5 x the van der Waals radii.
Blue/red indicates most positive/negative potentials. Extrema correspond to a) 0.16 - 0.20, b
and c) 0.18 - 0.25, d) ±0.03, e) ±0.05 au.
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